Abstract. Continuous measurement of aerial emissions from animal feeding operations over prolonged
Introduction
Turkey production buildings generate and emit a variety of airborne pollutants through the exhaust air. Some of the pollutants have been designated as hazardous gases by the U.S. Environmental Protection Agency (EPA), such as ammonia (NH3) and hydrogen sulfide (H2S) that can impact the health of the workers and the birds. Particulate matters of 10 μm or smaller in diameter (PM10) create ambient air quality concerns when they are released into the atmosphere. Ammonia emissions from animal feeding operations (AFOs) have been estimated to represent the largest portion of the national ammonia emissions inventory in the United States. A comprehensive review by the National Academy of Science (NAS, 2003) regarding air emissions called for collection of baseline emission data and development of process-based models to predict such air emissions. Depending on the type of gaseous or PM concentration monitors and means to quantify ventilation rate (VR) of the emission source (e.g., animal barns), it may be desirable to use long (e.g., hours) integration time, or sampling integration time (SIT), from which the means of concentration and VR are calculated when determining daily emission rate (ER). Situations also exist where long sampling interval (SI) may be highly desirable to accommodate air sampling of multiple emitting sources with one monitoring system. Moreover, knowing how often the intermittent measurements should be taken to reasonably reflect the true emission magnitude can greatly increase the efficiency of resource utilization and data collection. However, information is meager concerning the effects of the sampling strategies on measurements of air emissions from AFOs (Liang et al., 2006 , Vranken et al., 2004 .
The objective of this paper is to assess the effects of sampling and measurement strategies on estimation of ammonia and PM emissions from a turkey barn, namely, a) sample integration time (SIT), b) sampling interval (SI), and c) measurement frequency (MF) throughout the flock. The reference values for the NH3 or PM emissions were based on continuous (<4-min intervals) measurement throughout the flock. This is not a peer-reviewed article.
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Materials and Methods

Turkey House Monitored
One commercial turkey barn in central Iowa was continuously monitored for ammonia (NH3) and particulate matter (PM) emissions over one-year period (May 2007 -April 2008 . The monitored turkey barn used tunnel ventilation and static pressure controlled curtain inlets (Figure 1) . The barn had five 91-cm (36-in) diameter sidewall exhaust fans spaced about 18.3 m (60 ft) apart, one 123-cm (48-in) and six 132-cm (52-in) diameter tunnel fans. The sidewall fans were used for cold weather ventilation whereas the tunnel fans were used for warm weather ventilation. At five weeks of age, the birds (Hybrid tom turkeys) were moved from brooder barn to the grow-out barn where they were raised till market age of 20-21 weeks. Prior to monitoring of the first flock, the barn was cleaned and disinfected and bedded with rye hulls. Between flocks, the caked litter was removed and new bedding added. Continuous light was used. Birds had free-access to feed and water. Figure 1 . Schematic layout of the mechanically ventilated turkey grow-out barn monitored in this study.
Monitoring Systems and Determination of NH3 and PM Emissions
Ammonia (NH3) concentrations of the inlet and exhaust air were measured using a photoacoustic NH3 analyzer (0-2000 ±0.2 ppm; INNOVA 1412, INNOVA AirTech Instruments A/S, Denmark); whereas the PM concentrations were measured using Tapered Element Oscillating Microbalance (TEOM) (Model 1400a, Thermo Fisher Scientific, Waltham, MA). All the exhaust fans were calibrated in-situ and their performance curves developed using the Fan Assessment Numeration System (FANS) (Gates et al., 2004) .
The relationship of the dynamic emission rate (ER) to gaseous and PM concentrations of inlet and exhaust air and building ventilation rate (VR) may be expressed as following:
[ ] = absolute house temperature, (°C+273.15) K P std = standard barometric pressure, 101.325 kPa P a = atmospheric barometric pressure for the site elevation, kPa ρe, ρi = air density of exhaust and incoming air, respectively, kg dry air / m 3 moist air
The daily ER can be determined by integrating the dynamic ER throughout the day, namely,
where n = number of dynamic ER measurements per day, each with a sample integration time (SIT) t A Mobile Air Emissions Monitoring Unit (MAEMU) equipped with state-of-the-art measurement and data acquisition system was used to perform the continuous measurement. Air samples were drawn from two in-barn locations (sidewall and tunnel end) and one outside (background) location (Figure 1 ). The background NH3 or PM was subtracted from that in the exhaust air when calculating the respective emissions from the house. Operational status of the on-site calibrated exhaust fans and building static pressure were continuously monitored at 1-s intervals and used to determine the building VR. A data acquisition and control system program was developed using LabView 7 software (National Instruments, Corporation, Austin, TX), featuring automatic control of sampling locations, real-time display of instrument readings that were viewable through satellite Internet, and archiving of the collected data. Burns et al. (2006) gave detailed descriptions of MAEMU.
Full dataset and Subset ER Data Used to Evaluate Effects of Measurement Schemes
To evaluate the effects of SIT or SI, 70 discrete days of continuous measurements were used. The 70 days were selected to represent cold to warm seasons and different bird ages for the two flocks monitored (May 2 -December 17, 2007). For each of the discrete measurement days, the full dataset collected continuously at 0.5-to 4-min intervals was used to calculate the reference daily emissions. The subset ER data were obtained by applying different SIT (0.5, 1, 2, or 4 hr) or SI (0.5, 1, or 2 hr) to the full (24-hr) dataset, and the resultant daily emissions were determined. To evaluate the effect of MF, the full dataset collected continuously at 0.5-to 4-min throughout the two-flock consecutive flocks (222 days) was used to yield the reference flock emissions. The subset ER data were obtained by applying different MF to the full dataset and the resultant flock emissions determined. Results and Discussion
Effect of Sample Integration Time (SIT) on Daily Mean NH3 and PM10 Emission Rate
There would be no difference in ER between the full dataset (reference) and the subsets if the building VR or the gas or PM concentration remained constant. However, such is not the case with the turkey barn, where both VR and NH3 or PM concentrations are subject to drastic changes throughout the day. Consequently, ERs derived from longer SIT are different from the reference ER. The VR changes had a significant impact on the deviation of NH3 ER as well. To illustrate the impact of diurnal VR variation on ER deviation, a 7-d period (09/28/ -10/04/2007) data were chosen. The deviation of NH3 ER showed a strong association with the VR changes (Figures 2 and 3) . The magnitude of the deviations increased with SIT. For instance, the deviation of the NH3 ER ranged from -6.6% to 7% for the 0.5-hr interval subsets and from -1.6% to 41.3% for the 4-hr interval subsets. In comparison, there was no clear relationship between PM10 ER deviation and VR change (Figure 4) . PM emission is more related to bird activities and more dynamic than NH3 emission, which could explain the different deviation patterns. The deviations of both NH3 and PM10 ER tend to be positively associated with SIT ( Figure 5 ), meaning that longer SIT would lead to overestimation of ER. The deviations of daily NH3 and PM10 ER over the 70 measurement days are summarized in Table 2 . Ammonia deviations were in the range of -0.52% to 2.72% if SIT was ≤ 2 hr. PM10 deviations were in the range of -6.88% to 6.56% if the SIT was ≤ 2 hr. The overall mean of the deviations for the 70 days considered was with ±1% for NH3 and PM10 ER. Table 2 . Deviations of daily mean emission rates between subsets at different sample integration times (SITs) and full dataset (reference) during 70 discrete days of measurement of ammonia emission from a turkey barn.
Effect of Sampling Interval (SI) on Daily Mean NH3 and PM10 Emission Rate
The effect of SI on ER deviation was delineated with the 7-d (09/28/ -10/04/2007) data when most dynamic VR existed in response to diurnal temperature changes. The deviation of NH3 ER showed a relatively strong association with VR during its transient periods ( Figure 6 ) for SI of 0.5 or 2.0 hr. The dynamic deviation of the subset NH3 ER ranged from -29.9% to 87.6% for 0.5-hr SI and from -15.6% to 30.6% for 2-hr SI, even though the overall impact was not appreciable (0.01 to 0.13%, Table 3 ). The dynamic deviation of the subset PM10 ER ranged from -126% to 213% for 0.5-hr SI and from -23.7% to 114% for 2-hr SI (Figure 6 ). The dynamic deviations of the three different SIs of both NH3 and PM10 ER tend to be normally distributed (Figure 7) . Table 3 . Deviations of daily mean emission rates between subset data at different sampling intervals (SI) and full dataset (reference) during 70 days of discrete measurement of ammonia emission from a turkey barn.
The deviations of daily NH3 and PM10 ER over the 70-day period are summarized in Table 3 . The daily NH3 deviations were in the range of -9.88% to 10.2% if the SI was ≤ 2 hr. The daily PM10 deviations were in the range of -34.8% to 28.8% if the SI was ≤ 2 hr. Compared to the effect of SIT, the deviation from different SI varied in a larger range. For instance, the deviation of NH3 ER for 1-hr SI was in the range of -0.52% to 1.15% while the deviation of NH3 ER for 1-hr SIT was in the range of -6.64% to 5.86%. 
Effects of Measurement Frequency (MF) on NH3 and PM ER
The deviations of NH3 and PM10 ER with the subsets of different MFs from the reference values with the full dataset for the two flocks are shown in Figures 8 and 9 . The deviations differed between the two flocks in that they were greater for Flock 1, probably resulting from differences in the weather, bedding/litter conditions, and environmental conditions. The deviation for MF of 1 d every week varied from -15.8% to 14.1% for NH3 ER and from -9% to 14.4 for PM10 ER. In comparison, deviations were mostly with ±20% range when MF was more than one day per two weeks or 2 d per four weeks. For instance, 100% of the daily NH3 ER with 1 and 2 d per week frequency were within ±20% deviation rang of the reference NH3 ER (Figure 10 ). Table 4 shows the deviation of the NH3 and PM10 ER from subsets of different MF. Ammonia and PM10 emissions of the flock estimated from 1-d, 2-d or 3-d per week continuous sampling throughout the flock had deviation <±16%, <±18%, or <±13% (Table 4) 6.5 -6.5 0.1±4.4 25.1 -18.4 -0.1±12.7 7.1 -6.7 0.1±4.1 1d/wk 14.1 -15.8 0±10.9 8.5 -4.6 0±4.4 10 -8.7 0±7.4 14.4 -9 0±7.9 2d/wk 12.3 -11.6 0±8.8 5.5 -3.6 0±3.2 17.6 -14.8 0±11.1 6.3 -7.8 0±4.4 3d/wk 9.2 -9.0 0±7.3 2.8 -2.3 0±2.2 12.3 -12.6 0±8.7 3.6 -3.3 0±2.2
Conclusions
The following conclusions were drawn from this study that examines the impact of sampling integration time (SIT), sampling interval (SI), and measurement frequency (MF) on estimation of NH3 and PM10 emissions from a turkey grow-out barn:
• Sampling integration time (SIT) affects the accuracy of daily NH3 and PM10 emission estimation.
Ventilation rate change had an impact on NH3 emission estimation. When SIT was ≤ 2-hr, the deviation of the daily NH3 ERs from the references were in the range of -0.52% to 2.72% and the deviation of the daily PM10 ERs from the references were in the range of -6.88% to 6.56%.
• Sampling interval (SI) had larger deviation range than SIT. The daily NH3 deviations were in the range of -9.88% to 10.2% if the SI was ≤ 2 hr. The daily PM10 deviations were in the range of -34.8% to 28.8% if the SI was ≤ 2 hr.
• The measurement frequency could be reduced considerably when the subsets of different measurement frequency were compared with the full data set from continuous measurement. Ammonia and PM10 emissions of the flock estimated from 1-d, 2-d or 3-d per week continuous sampling throughout the flock had deviation <±16%, <±18%, or <±13%, respectively, of the reference emission values obtained from continuous measurement. In comparison, if the intermittent measurements were taken at 1-d, 2-d or 3-d per 4 weeks, the deviation of the resultant emissions from the reference values would be in the range of -35.5% to 64.5%, respectively. Increased measurement frequency reduces deviation in emission rate estimates.
